Global innovation networks are emerging as a result of the international division of innovation processes through, among others, international technological collaborations. At the aggregate level, the creation of technological collaboration between countries can be considered as mutually beneficial (or detrimental) and their random distribution is unlikely. Consequently, the dynamics and evolution of the technological collaborations can be expected to fulfil the criteria of a complex network. To study the structure and evolution of the global technological collaboration network, we use patent-based data of international co-inventions and apply the network analysis. In addition, extending the gravity model of international technological collaboration by measures controlling for countries position in the network, we show that that a country's position in the network has very strong impact on the intensity of collaboration with other members of the network.
Introduction
Global innovation networks are a result of the international division of innovation processes in which countries participate and in which firms have a broader capacity to access and combine knowledge form a variety of sources (Sachwald, 2008) . In the context of the process of spatial division of innovation activity, corporations seek knowledge sources and opportunities worldwide (Archibugi & Iammarino, 2002; Bartlett & Ghoshal, 1990; Doz, Santos, & Williamson, 2001; Dunning, 1988 Dunning, , 1994 . Consequently, today external contacts are decisive for a firm's innovation activities (Asheim & Isaksen, 2002; Cooke, 2002) . One form of innovation internationalisation is global technological collaborations (Archibugi & Iammarino, 2002; Narula & Hagedoorn, 1999) . At the aggregate level, the result of global technological collaborations is the emergence of knowledge flows between countries. The existence of such flows between any pair of countries creates externalities to other countries.
Examples of such externalities might include increased competition for skilled labour or knowledge spillovers (Audretsch & Feldman, 1996; Audretsch & Lehmann, 2005) . Hence, the creation of technological collaboration between countries can be considered as mutually beneficial (or detrimental) and a random distribution of technological collaborations is unlikely. Consequently, the dynamics and evolution of the technological collaborations can be expected to fulfil the criteria of a complex network, whose elements and changes are driven by collective actions. Understanding the dynamics of the entire system of global R&D, innovation and technology development seems to be of crucial importance from the innovation policy point of view (Edler & Polt, 2008) .. Unfortunately, to our best knowledge, the available research fails to thoroughly capture this perspective.
The objective of the present paper is to create a map of technological collaborations between countries around the world and to analyse the determinants of the formation of technological collaboration relationships between countries. We seek to answer the following questions: To study the global web of technological collaborations as a system of inter-lined activities, we use patent data to obtain measures of international co-inventions. To this aim, we use a comprehensive dataset containing information on a worldwide coverage of patent applications submitted to around 90 patent offices in the world over the last two decades. By applying network analysis, we graphically and analytically study the characteristics and the evolution of the international co-inventions network and the relationships between the actors. In addition, we introduce network measures in a gravity model with the aim of studying how a position of a country in the co-invention network affects the likelihood of formation of links between countries and their intensities.
Despite the fact that the topic of internationalization of innovation has already attracted a considerable amount of attention, there is still relatively little empirical evidence (Carlsson, 2006) . Moreover, the existing studies are either based on firm level analysis (Boutellier, Gassmann, & Zedtwitz, 2008; Florida, 1997; Gulbrandsen & Godoe, 2008; Kuemmerle, 1999) or provide case study analysis at a country level (Gassler & Nones, 2008; Pittiglio, Sica, & Villa, 2009 ). In addition, the available studies focus on developed countries (Niosi, Manseau, & Godin, 2000) and, with some exceptions (Schmiele, 2011) , ignore the emergence of the developing countries as a location of inventive activity. Studies that take into account a large group of countries and explain technological collaboration activities between them are scarce as well (Belderbos, Fukao, & Iwasa, 2006; Patel & Pavitt, 1991; Picci, 2010) . Thus, not surprisingly, only few studies explicitly investigate innovation internationalization empirically at the system level (Bartholomew, 1997; Niosi & Bellon, 1994) . Attempts to study the interdependences between countries are limited to the developed world and are limited too in terms of technology coverage (Bartholomew, 1997; Shapira, Youtie, & Kay, 2011) . Consequently, to our knowledge, none of the studies takes a holistic view of the entire system and accounts for the inter-dependencies and externalities that arise in this system of interactions.
Taking into account the gap in understanding the dynamics of the organisation of the global technological collaboration network, the contributions of this paper are: First, we look at the whole system, rather than at individual relationships and interactions. Second, in the analysis of the determinants of international collaborations, we introduce a set of unique variables controlling for a country's position in the network. Overall, we present evidence that helps to better understand the interdependencies present in the process of globalised R&D relations and create a holistic view of the development of the global technological collaboration network.
We acknowledge that studies on knowledge, R&D and innovation networks already exist.
Some applications of this type of analysis has been made to, for example, patent (Breschi & Lissoni, 2004; Cantwell & Santangelo, 2000; Chao-Chih, 2009; Han & Park, 2006; Lai, D'Amour, Yu, Sun, & Fleming, 2011; Stefano & Francesco, 2004) and bibliometric data (Glänzel & Schubert, 2005; Glänzel, Schubert, & Czerwon, 1999; Kretschmer, 2004) . Our work extends the application of networks to the country level and, by using a comprehensive dataset, maps a global network of inventive collaboration and provides new evidence on the determinants of technological collaboration.
The remaining of the paper proceeds as follows: Section 2 describes the process of designing the global technological collaboration network based on international co-inventions. Section 3 introduces the data and measures used in the study and Section 4 analyses the characteristics of the technological collaboration network and countries' positions in this network. Section 5 formulates a model of formation of collaboration linkages between countries and Section 6 presents and discusses the results of empirical estimations. Section 0 concludes.
International co-inventions as a technological collaboration network
Being aware of the limitations of using patents as a measure of international collaboration (Bergek & Bruzelius, 2010) , this work uses information included in patent applications to construct measures of international collaboration. Each patent application has a list of inventors, i.e. the people who developed a particular invention, and information about their place of residence. An intuitive way of representing the set of international co-inventions by using patent data as a network is through drawing a line connecting two countries that share a patent developed by their residents. By doing this for the entire pool of international coinventions, we are able to construct a global network of technological collaborations.
We identify our set of nodes, V, as the countries and the set of arcs, A, as the bilateral relationships that exist whenever a patented invention was developed by at least two inventors residing in different countries (see Annex for a formal definition of a network and network measures). Adding a measure of intensity for each node and each relation permits us to control for the level of internationalisation of each country and the intensity of technological collaboration relationships it maintains with its partners. In other words, each node is weighted by the total amount of inventions developed in join collaboration for each country, which is captured by the vertex value function This confirms the results of the findings concerning the low levels of technological internationalisation (Patel & Pavitt, 1991; Picci, 2010 pointed out by early studies, the levels of innovation internationalisation was relatively small (Patel & Pavitt, 1991) . However, in 2007, we can clearly see that the number of countries, the linkages between them and their intensity increase at a rapid rate. According to Table 8 Regarding the general connectivity of the network, the value of the network density parameter started from 0,04 in 1990 and reached the level of 0,06 (Table 8- indicates that the majority of the countries are rather "far away" from the remaining countries of the network and only few countries are sufficiently well connected to be able to maintain short paths that connect them with the other actors of the technological collaboration network.
The value of clustering coefficient is significantly higher than the value of network density.
Thus, in contrast to a random graph where clustering coefficient is expected to be equal to network density, the network of international R&D centres is significantly more clustered than if the links were generated at random.
The above analysis of the network indices shows that a number of countries is connected only to the so called 'hubs' of the network and do not hold links with other members of the network. Thus, the network has a clear core-periphery structure. Moreover, it can be said that countries establish technological collaboration relationships with countries that also collaborate with each other. This type of clustering behaviour lets us conclude that 'local' links tend to play an important role. It has to be however noted that local do not necessarily imply geographical proximity and that it can be rather interpreted as a pattern of interaction with the "usual suspects", who may represent either countries belonging to some regional group or just countries at a similar level of development.
The above findings contrast the results of network analysis of, for example, international R&D centres and international trade (De Benedictis & Tajoli, 2011; Giuditta De Prato & Nepelski, 2011; Fagiolo, Reyes, & Schiavo, 2007) . The straightforward interpretation of this fact is that the production of 'knowledge' in a process of international collaboration is more complex than a mere creation of international R&D centres and that knowledge, as a good, is also less prone to trade and exchange than other material goods or services traded around the world. 
Countries' positions in the network
Turning to the analysis of countries' positions in the technological collaboration network, we rank countries according to four centrality measures, i.e. degree, strength, closeness and betweenness centrality, in three periods, i.e. 1990, 2000 and 2007 (see Table 8 -2, Appendix).
One of the most striking finding is that the US appears at the top of each ranking. This confirms the strong position of the US in the network as a source and destination of technological collaboration and, above all, as a central 'hub' of the network. Concerning the degree level, 
The determinants of international technological collaboration
In order to find an explanation of the results presented in the previous sections, we should know what determines international technological collaborations in terms of the structure of the network. Unfortunately, theoretical models dealing with this issue are virtually nonexistent and any attempt of dealing with the internationalization of innovation focuses on explaining the pattern and intensity of international innovation activities from the perspective of interactions between individual countries, and do not offer insights about the structure of the whole system. 5 The closest theoretical concept suitable for an empirical analysis of innovation internationalisation is the gravity model of trade, which, except for being widely used in the studies of international trade (De Benedictis & Tajoli, 2011) , has already been applied to study this issue (Picci, 2010; Thomson, 2011) . This specification allows to formulate prediction concerning the structure of a network, i.e. the existence of trade relationships or technological collaboration between countries. The straightforward form of the gravity equation can be expressed by ).
Taking this theoretical prediction as a starting point, we proceed with formulating a model in which we expect that a country's position in the network of international technological collaborations depends on some of its characteristics. To identify these determinants, we derive a set of factors that are used in studies conceptualising the issue innovation internationalization (Boutellier et al., 2008; Dunning, 1988 Dunning, , 1994 Kuemmerle, 1999; Narula, 2003) .
Among the most important drivers of looking for collaboration partners abroad is the access to the resources that, in most cases, are non-transferable and location-specific (Dunning, 1988 (Dunning, , 1994 . Examples of such resources include inputs to R&D activity, e.g. scientists and universities, or the knowledge about customers and markets. Another reason to engage into international technological collaborations is the access to the market and hence, the potential size of the economy should be also taken as a predictor of link formation among countries.
Accordingly, the empirical studies of the determinants of the innovation internationalization can be grouped around two main blocks: economic capacity and inventive performance of a country (Dachs & Pyka, 2010; Guellec & Van Pottelsberghe de la Potterie, 2001; Patel & Pavitt, 1991; Picci, 2010) . These two elements are expected to reflect the asset exploitation and asset seeking behaviour of companies deciding where to establish their international R&D activities (Kuemmerle, 1999) . Whereas the former one concerns the economic benefit of adapting and customising existing products to the need of consumers and with the aim of selling them on the local, the latter one refers to the attempts of acquiring know-how and technology new to a company.
Our work extends the previous analysis of the determinants of the innovation internationalization by including measures of a country's network position derived in the previous section. The rationale behind it is that as the network evolves, countries take over various functions in the network, e.g. a hub or an intermediary. Performing these functions has further impact on the formation of new ties. This happens due to, for example, the preferential attachment principle, i.e. new countries attach preferentially to countries that are already well connected (Barabási & Albert, 1999 Economic size: Regarding economic size of countries linked through technological collaboration, information on GDP (in current US$) both country i and j in period t is included. Similar situation is with the variables controlling for the inflowing FDI. These measures are supposed to account for the economic attractiveness of both countries. In order 6 The source of the distance and common language variables is CEPII bilateral trade data (Head, Mayer, & Ries, 2010) . For more information please refer to: http://www.cepii.fr/anglaisgraph/bdd/distances.htm to control for the internationalisation of economic activity, we also include measures of foreign direct investment for each country (in current US$).
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Innovative potential: Expecting that not only distance hiders and economic factors facilitate international technological collaborations, we control for the innovation performance of both countries proxied by the total number of patents of country i and j at time t. This has a double interpretation. On the one hand, from the perspective of one country, the measure of its inventive performance indicates the inventive capacity which might attract technological collaboration partners. On the other hand, from the perspective of another country, it might be a proxy of its absorptive capacity. In both cases, innovation performance of a country is captured by the total number of patent applications of each country and is computed through fractional counting of inventors in each priority patent application submitted to one of 59 patent offices around the world. 
Empirical results
To estimate the function specified in (3), we run regression with time fixed effects. Freeman, 1995) . For example, differences in institutional arrangements might be an obstacle to the creation of a common framework governing crossborder business activities (Carlsson, 2006) . Thus, the combination of the differences and similarities between countries might play a role in stimulating or dampening the progress of technological collaboration across the borders.
Regarding the network indicators, we observe that they are very strong and significant. The table reports of the model specified in (3).
Significance levels: * = .90, ** = .95, *** = .99. Year dummies included.
Source: Own calculations based on PATSTAT Database, version 2010
Conclusions
We are witnessing the emergence of a global innovation network, a result of companies' decisions concerning the location of their innovation activities and selection of their technological collaboration partners. The increasing internationalisation of innovation let us believe that firms' choices create externalities and that they mutually affect each other. To better understand these interdependencies, we apply network analysis to study the global network of international technological collaborations. Our results show that the inclusion of network indices delivers new insights to the understanding of the formation and intensity of technological collaboration between countries.
The global technological collaboration network is not regular and far from being complete and the network shows signs of "cliquishness". This together with the fact that most of the countries tend to be members of some local or regional groups and that only few countries go beyond these groups suggests strong core-periphery characteristics of the technological collaboration network. In such a network, a number of countries are connected only to the so called 'hubs'. Similar to production networks, the distributions of control and contribution in innovation network are not equal and there are few hubs. The meaning of findings of this work concerning the developments of the global technological collaboration network is not the same for each country participating in the process of innovation internationalisation.
Depending on the perspective of a particular country, the implications may be perceived as positive by some countries and negative by others. It is however clear that the bargaining power and a country's attractiveness as a technological collaboration partner will strongly depend on its relative position against the competing countries and, of course, its position in the network.
The main policy implications that can be formulated based on the results are the following: Third, one of the major reasons behind the emergence of the global R&D network is the increasing complexity of technologies and business processes. This requires both firms and countries to specialize. Thus, innovation policies should include an assessment of a country's strengths and mechanisms towards their enhancement with the aim of finding and maintaining a strategic position in the technological space and, hence, in the network.
Lastly, the creation, structure and functioning of the global R&D network challenge the traditional way of research and innovation policy making, usually shaped by one-sided perspective defined by the notion of competition. If this way of organising economic activity in general and innovative activity in particular, becomes dominant in the future, one can expect that the network viability and countries' positions in this network will depend on their ability to develop collaboration mechanisms that support mutual co-dependencies between them.
In conclusion, although the paper provides a number of valuables insights concerning the structure of the technological collaboration network and the determinants of technological collaboration, it suffers from a few limitations. First of all, patent data, despite its richness of information, suffers from its own drawbacks. Second, due to the fact that there is no theoretical foundation explaining the formation and evolution of innovation networks, we do not offer any empirical insights into the development of such a network. Instead, we are forced to stop at including measures identifying the position of a country in the network to explain the intensity of its bilateral collaboration links. Nevertheless, the results presented here show that the inclusion of network indices are well justified. In addition to the standard explanatory variables, they deliver additional information explaining the existence and intensity of technological collaboration between countries. This makes us optimistic about the future of the value of network analysis in the context of internationalisation of innovation.
Appendix

Definition and characteristics of a network
A network consists of a graph whose elements include two sets: set of nodes ( In order to obtain further information on the structure of a network it is worthwhile to analyse centrality of the network and the nodes, a concept widely adopted in studies of networks (L.
C. Freeman, 1978) . In conceptual terms, centrality measures how central an individual is positioned in a network. The most obvious way of capturing degree centrality of V i is counting the number of its neighbours, i.e. its degree. The way to compute degree centrality is to count the number of nodes connected to V i , i.e.:
Nodes' centralities in a network can have large or small variance. On the one hand, a network, where few actors have much higher centrality than other actors is said to be strongly Regarding the intensity of interactions, the degree measures can be replaced by node strength capturing the sum of weights given to the connections to any V i . Similarly to the degree measures, it is possible to capture the intensity of connections of vertex i. In a formal way, strength is defined as:
where w ij represent the intensity of the directed link from V i to V j (Squartini, Fagiolo, & Garlaschelli, 2011) .
Except for the degree centrality defined in (6), within graph theory and network analysis, there are a number of other measures of the centrality of a vertex within a graph that show the relative importance of a vertex within the graph (Koschützki et al., 2005) . In this paper we use of three additional most commonly applied measures, i.e. closeness centrality and betweenness centrality.
The degree centrality strength of a node reveals how powerful or influential it is in the network. Closeness centrality, on the other hand, informs how powerful a node is in terms of the shortest paths to others actors of the network. The closeness centrality of a node i is the number of the remaining nodes divided by the sum of all distances between that node and all the remaining ones, i.e.:
At the aggregate level, centrality closeness of a network is defined as: C is the highest value of closeness centrality measure in the set of units of a network (L. C. Freeman, 1978) . The index takes values between 0 and 1, whereas the closeness centrality of a star network is 1.
The betweenness centrality of a node is the proportion of all geodesics distances between pairs of other nodes that include this vertex and it reflects the number of times a node appears on the shortest path between any two other nodes. This property of a network reflects the amount of control that a node exerts over the interactions of other nodes in the network (Yoon, Blumer, & Lee, 2006) . The measure of betweenness centrality rewards nodes that are part of communities, rather than nodes that lie inside a community. Therefore, it can be regarded as a measure of gatekeeping and is considered to be a measure of strategic advantage and information control. Formally, the betweenness centrality of V i can be expressed as:
where jk ∂ is the total number of shortest paths joining any two nodes V k and V j , and 
where k i is the degree of V i and e n is the number of connected pairs between all neighbours of i (Barabasi & Oltvai, 2004) . The average clustering coefficient of a network is a sum of
clustering coefficient values of all nods divided by the total number of nodes in the network.
The global clustering coefficient is always a number between 0 and 1, where for a fully connected network CC=1. The table reports pair wise correlations between the variables used in the country-pair models in Table 6 -1. All variables are correlated at the significance level of 10%.
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